Most dental microwear texture studies to date have focused on enamel surfaces. However, for xenarthran microwear we must, in effect, ''reinvent the wheel,'' because adult xenarthrans lack enamel. Dentin is softer than enamel and may record microwear differently. Thus, we aim to determine if dental microwear texture analysis (DMTA, which quantifies microwear in 3 dimensions) of dentin can yield biologically meaningful results by asking: do dentin and enamel in other eutherians record microwear texture the same way; and can DMTA differentiate between extant xenarthrans with different diets? We analyzed the carnassials of Florida panthers (Puma concolor coryi, n ¼ 14), which have functional dentin and enamel, and found differences in texture fill volume and heterogeneity, suggesting that enamel and dentin DMTA cannot be directly compared. Next, we analyzed the teeth of sloths (Bradypus variegatus, n ¼ 12; Choloepus hoffmanni, n ¼ 9) and the 9-banded armadillo (Dasypus novemcinctus, n ¼ 12), which differ in 2 attributes (surface complexity and fill volume) associated with food or abrasive properties. Other DMTA attributes show no differences between trophic groups, suggesting that dentin and enamel may differ in types of texture attributes that separate taxa by diet.
Although dental microwear texture analysis (DMTA) of tooth enamel has been demonstrated to distinguish between different dietary niches in a variety of mammals, including primates, carnivores, marsupials, and bovids (Scott et al. 2006; Ungar et al. 2007; Prideaux et al. 2009; Schubert et al. 2010; DeSantis et al. 2012; Scott 2012) , xenarthrans pose a unique challenge because their permanent teeth lack enamel. Although we have a reasonable understanding of how enamel is modified in response to food intake and diet (Baker et al. 1959; Teaford 1988b) , the same is not true of dentin.
Evaluating whether microwear is recorded differently in enamel as compared to dentin requires examining teeth where both enamel and dentin similarly contact food items, such as in carnassial teeth of hypercarnivores (Martin 1980) . The cougar (Puma concolor) has carnassial teeth that occlude by sliding the buccal surface of the lower tooth against the lingual surface of the upper tooth so as to expose dentin through gradual wear. In this case, both tissue types remain on the shearing surface directly adjacent to one another (Fig. 1A; Martin 1980) . Although previous studies of the dental microwear texture of carnivores have been careful to avoid dentin (Schubert et al. 2010; DeSantis et al. 2012) , the examination of both enamel and dentin here allows us to explore textures of both dental materials exposed to the same food items and bite forces. Although a deviation from the study of xenarthrans, the examination of carnassial teeth in an extant carnivoran provides insight as to how dental microwear records dietary information in tissues with different hardness properties. Subsequently, examining dental microwear properties in extant xenarthrans with known diets allows us to determine whether dentin microwear textures evince diet differences and, hopefully, begin to develop a modern baseline for later explorations of the paleoecology of their extinct relatives.
Xenarthran natural history and ecology.-The magnorder Xenarthra is a group of basal placental mammals endemic to South America that spread into North America during the Great Biotic Interchange (Stehli and Webb 1985; Marshall 1988; Archibald 2003; Webb 2006; Vizcaíno and Loughry 2008b) . Some xenarthrans, such as anteaters, lack teeth entirely (hence the previous polyphyletic name for the clade, Edentata, meaning toothless), whereas living toothed xenarthrans (i.e., sloths and armadillos) lack enamel on their permanent dentition (Vizcaíno 2009 ). To compensate for this, toothed xenarthrans have a number of modifications to the more common mammalian dental bauplan, including evergrowing, or hypselodont, teeth (Vizcaíno 2009 ). Xenarthran teeth are typically composed of 2 layers of dentin, a softer inner layer and a harder outer layer, sometimes with a coating of cementum of varying degrees of thickness (Ferigolo 1985; Vizcaíno 2009; Kalthoff 2011) . The inner dentin (sometimes referred to as orthodentin or vasodentin) is in some taxa similar in hardness to the orthodentin found in other mammals (Ferigolo 1985; MacFadden et al. 2010) . The outer dentin (sometimes called osteodentin or hardened or hypermineralized orthordentin) is a more mineralized form of dentin than found in typical mammalian teeth, but that is still significantly softer than enamel with a Mohs' hardness of 3.8, in contrast to 5.7 for enamel (Ferigolo 1985; MacFadden et al. 2010; Kalthoff 2011) .
Assessing the dietary ecology of xenarthrans through time requires proxies known to correlate with observed diets. Both extant genera of tree sloths within the suborder Folivora evidently evolved convergently from extinct ground-dwelling ancestors (Webb 1985; Gaudin 2004) . The brown-throated three-toed sloth (Bradypus variegatus) is exclusively folivorous with a preference for young leaves of only a few tree families per individual; and is thought to have a more constrained diet compared to both members of the two-toed sloth genus, Choloepus (Urbani and Bosque 2007; Chiarello 2008) . Other than 1 study of Costa Rican agroforest and other artificial habitats (Vaughan et al. 2007) , dietary data are lacking for wild populations of Choloepus but members of the genus are thought to be primarily folivorous (Chiarello 2008) . However, in captivity Choloepus will consume branches, fruit, flowers, and even eggs when available (Chiarello 2008 ). The 
FIG. 1.-A)
Buccal view of a mandibular m1 (lower 1st molar, carnassial tooth) from Puma concolor (UF31759) including representative 3-dimensional photosimulations of microwear surfaces of B) enamel and C) dentin from the same specimen (UF30391). The black and white rectangles (A) are 5 times the actual size representations of the scanned area of dentin and enamel, respectively. nine-banded armadillo (Dasypus novemcinctus), in contrast, is a burrowing terrestrial opportunistic insectivore-omnivore with a preference for ground-dwelling insects, small vertebrates, and vegetal and fungal matter with specific diets varying by region and season (Breece and Dusi 1985; Redford 1985; Sikes et al. 1990; da Silveira Anacleto 2007) . The armadillo's tendency to eat items found underground results in this xenarthran consuming a large amount of soil (Breece and Dusi 1985) , potentially influencing microwear patterns on its teeth.
Although modern xenarthrans are elusive and often less well understood than many other eutherians, even less is known about the diets of their fossil relatives (Vizcaíno and Loughry 2008a) . Extinct xenarthrans have an astounding range of dental variation compared with their successors-and many have no extant analogs with which to compare (Vizcaíno and Loughry 2008a; Ungar 2010) . Although some researchers have speculated on the functional morphology of these enigmatic tooth forms, equivocal dietary interpretations leave large gaps in our understandings of xenarthran paleoecology.
Primitive xenarthrans were likely insectivores (based on the jaw biomechanics and morphology of the order Cingulata); however, adaptations including some novel masticatory mechanisms with no modern analogs allowed the group to diversify into herbivory and carnivory, with some examples of highly specialized myrmecophagy (i.e., ant or insect consumption) and omnivory (Vizcaíno et al. 2004) . Further, studies of relative muzzle width have suggested that larger muzzle widths in ground sloths and glyptodonts indicate more generalized feeding habits, in contrast to taxa with narrower muzzles (Bargo and Vizcaíno 2008; Vizcaíno et al. 2011) . Although morphological studies provide insight into potential diets, proxies such as stable isotope geochemistry and dental microwear can clarify realized diets. Because dentin has a higher organic content than enamel and is more prone to postmortem alteration (Wang and Cerling 1994; MacFadden et al. 2010; Kalthoff 2011) , geochemical analysis of extinct xenarthrans may only be possible if digenesis can be ruled out via tools such as rare earth element analysis (MacFadden et al. 2010) . Thus, dental microwear techniques may provide a new tool for ecological analysis of extant and extinct xenarthrans in lieu of or in tandem with other proxies.
High-magnification scanning electron microscopy dental microwear (e.g., Walker et al. 1978; Teaford 1988a ) and lowmagnification light-microscope methods (Solounias and Semprebon 2002) have been used to analyze animal diets by using a human observer to count features such as pits and scratches. Studies of interobserver measurement error in microwear have found different results depending on the methods of analysis considered. There is a general consensus that although broad diet differences can be seen in many cases, interobserver error (if not controlled for) may mask some of the finer details by adding noise to the signal (Grine et al. 2002; Galbany et al. 2005; Mihlbachler et al. 2012 ). When applied to xenarthran teeth, both low-magnification light microscope methods and high-magnification scanning electron microscope feature-based methods have indeed suggested differences both between and among extant tree sloths and armadillos (Oliveira 2001; Green 2009a; Green and Resar 2012) . The question then is, can an automated microwear characterization that limits observer measurement error also reveal differences between these taxa? DMTA, for example, has been shown to separate other mammal groups with subtler differences in diet than typical of other techniques (e.g., Scott 2012) . Dental microwear texture analysis combines 3-dimensional confocal profilometry with scale-sensitive fractal analysis to provide quantitative characterizations of whole-surface texture.
Here, we use DMTA to address the following key questions: Are there consistent differences in the dental microwear of dentin and enamel from individual teeth subjected to the same food items and chewing mechanisms (e.g., carnassial teeth)? Can DMTA be used to differentiate between extant xenarthrans with known differences in diet? Ultimately, the answers to these questions will help clarify whether dentin microwear surface texture is a reliable indicator of extant dietary ecology with potential applications to extinct xenarthrans.
MATERIALS AND METHODS
We analyzed 14 Florida panthers (Puma concolor coryi), 12 brown-throated, three-toed sloths (B. variegatus), 9 Hoffmann's two-toed sloths (Choloepus hoffmanni), and 12 ninebanded armadillos (D. novemcinctus; Appendix I). Original specimens were borrowed from collections when possible so that teeth could be scanned directly (noted in Appendix I). When this was not possible, original specimens were cleaned with acetone-soaked cotton swabs and molded with regularbody polyvinylsiloxane dental impression material (President's Jet; Coltène-Whaledent Corp., Cuyahoga Falls, Ohio). Texture analysis was done on replicas prepared from these molds using an epoxy resin and hardening catalyst (Epotek 301; Epoxy Technologies Corp., Billerica, Massachusetts).
Scans of Florida panther teeth were taken on the buccal side of the anterior cusp of the mandibular 1st molar (m1) carnassial in keeping with Van Valkenburgh et al. (1990) , Schubert et al. (2010), and DeSantis et al. (2012) . Each tooth was scanned twice, once on the enamel portion of the tooth, per Schubert et al. (2010) and DeSantis et al. (2012) , and again on the exposed dentin immediately above the enamel scan (Fig. 1A ). For xenarthrans, we scanned the occlusal surface wear facet, the area of the tooth being used to process food items, of molariform teeth. When examining xenarthrans in this study, we only assess the microwear of the outer layer of dentin and, to avoid confusion, use the term outer dentin (in keeping with MacFadden et al. [2010] ). Armadillo teeth have a cap of outer dentin (composed of orthodentin), whereas sloths have an external coating of cementum with a ridge of outer dentin (also composed of orthodentin) around a center of inner dentin (or orthovasodentin-Green 2009b; Ungar 2010; Supporting Information S1, DOI: 10.1644/12-MAMM-A-204.1). Whenever possible, the selection of molariform teeth for analysis followed the standardization protocol of Green (2009a Green ( , 2009b -M2 for sloths and M6 for armadillos); however, a few of our specimens were isolated teeth, so specific identification beyond molariform was not possible. Tooth number, if known, is listed in Appendix I.
Specimens were scanned at the University of Arkansas with a Sensofar Pll white-light scanning confocal profiler (Solarius Development Inc., Sunnyvale, California) using a 1003 objective lens. Resulting point clouds had a 0.18-lm horizontal spacing and vertical resolution of 0.005 lm. Four adjacent scans of each tooth were taken for a total area of 276 3 204 lm (Fig. 1) . These surfaces were then leveled using Solarmap Universal software (Solarius Development Inc.) and, if necessary, minor editing was used to exclude dust particles or other artifacts from analysis. Once all scanning was completed, scale-sensitive fractal analysis was used to calculate the following dental microwear attributes using ToothFrax and SFrax software (Ungar et al. 2003 (Ungar et al. , 2007 Scott et al. 2005) .
Area-scale fractal complexity (Asfc) is a measure of how much surface roughness changes with the scale of observation; for example, frugivorous primates demonstrate greater complexity than do folivorous primates (Ungar et al. 2003; Scott et al. 2005 Scott et al. , 2006 . Scale of maximal complexity (Smc) is the point wherein increases in roughness begin to tail off with decreasing scale of observation and can help differentiate between coarse and/or deep-wear features and small and/or fine-wear features (Scott et al. 2006; Schubert et al. 2010) . Heterogeneity of complexity (HAsfc) is determined by subdividing the scanned area and assessing variance in complexity among the subdivisions (Ungar et al. 2003) . Thus, a heterogeneous surface texture shows a high HAsfc value (Scott et al. 2006) . Here we report and analyze heterogeneity using 3 3 3 and 9 3 9 subdivided grids. Length-scale anisotropy of relief (epLsar) is a measure of the extent to which microwear surface texture is aligned in a specific direction, with higher anisotropy indicating a greater proportion of features with similar orientations (Ungar et al. 2003 (Ungar et al. , 2007 Scott et al. 2006; Prideaux et al. 2009 ). Anisotropy is helpful in differentiating between browsers and grazers, with browsers having lower anisotropy than grazers in taxa as disparate as bovids and macropodid marsupials (Prideaux et al. 2009; Scott 2012) . Textural fill volume (Tfv) is determined by filling the scanned area with cuboids of known volumes to obtain the aggregate volume of the surface. The volume is 1st determined at a coarse scale (in this case, 10 lm), and again at a finer scale (2 lm); then the coarse-scale volume is subtracted from the finer-scale volume to remove the background shape information (e.g., facet curvature) and obtain the volumes of smaller features themselves (Scott et al. 2006) . Carnivores consuming a greater proportion of hard, brittle bone have greater complexity and higher average textural fill volume, indicating many individual features in the 2-to 10-lm range, as well as having lower anisotropy and scale of maximum complexity values than carnivores that avoid bone (Schubert et al. 2010; DeSantis et al. 2012) .
Dental microwear texture analysis studies often use nonparametric statistics or analyses of variance of ranked data, or both because DMTA data are not typically normally distributed (Scott et al. 2006; Schubert et al. 2010) . We too used mostly nonparametric tests, but we also used lessconservative parametric tests when Shapiro-Wilk normality test results indicated it appropriate to minimize risk of type II errors. Florida panther samples were compared using pairwise Wilcoxon signed-rank tests and Brown-Forsythe tests to look for significant differences in means and variance, respectively. Additionally, characteristics that are normally distributed were compared using paired Student's t-tests. Xenarthran data were compared to one another using Kruskal-Wallis tests as well as Brown-Forsythe tests to assess variation in means and variance, respectively. All tests were run on median values for the 4 fields sampled for each individual, following convention (see Scott et al. 2006) .
RESULTS
Florida panther dentin versus enamel.-Results are reported in Table 1 Xenarthrans.-Results are presented in Tables 2 and 3 and illustrated in Figure 2 . The 2 sloth species differed in Smc, which was lower in C. hoffmanni, but they did not differ for any of the other microwear attributes (Table 3) . We thus combined the 2 sloth species into the group Folivora for all attributes excluding Smc, and compared results with those for the armadillo, D. novemcinctus. D. novemcinctus has significantly higher average Asfc than the folivorans. B. variegatus, the obligate folivore, also has significantly lower mean Tfv than D. novemcinctus (Table 3) , consistent with the latter consuming harder objects (including invertebrate exoskeletons) than the former. Further, as for analyses of dispersion, Smc variation was significantly higher in C. hoffmanni than in B. variegatus. And, HAsfc 939 varied more in D. novemcinctus than in B. variegatus and all sloths combined (Table 3) .
DISCUSSION
Differences between enamel and dentin.-Only 2 characteristics, Tfv and HAsfc 939 , showed statistically significant differences between dentin and enamel in our sample of Florida panthers. Dentin had significantly higher Tfv than enamel likely because dentin is softer than enamel (MacFadden et al. 2010 ) and more likely to form wider, deeper features for a given level of stress on abrasives larger than those features (Lucas 2004) . HAsfc 939 values in enamel were significantly higher than dentin, likely because heavy microwear overprinting, or the stacking of textural features from multiple feeding events over time, may swamp withinfacet variation. The lack of differences between dentin and enamel anisotropy, scale of maximum complexity, and especially complexity are more difficult to explain in light of the material properties of these tissues. It may be that dentin and enamel are recording similar food items differently for these attributes, but with a lack of consistency that leads to variation that swamps these differences. More work is needed to understand this, but one thing is clear-despite a lack of significant variation between the tissues in some attributes, the differences in others indicate that we cannot compare results for dentin and enamel directly.
Xenarthrans.-Because D. novemcinctus is known to have the most diverse diet of the 3 xenarthrans sampled, including the consumption of chitinous exoskeletons, larvae, fruits, fungi, soft invertebrates, and small vertebrates (Redford 1985 ; Urbani and Bosque 2007; Chiarello 2008) , the armadillo was expected to have the highest complexity. And in fact, D. novemcinctus has greater complexity compared to the combined sloth sample. This suggests that it is possible to distinguish between arboreal folivory-frugivory and fossorial omnivory, a result that corroborates the findings of previous xenarthran microwear studies (Green 2009a; Green and Resar 2012) . However, subtler distinctions, such as varying degrees of folivory between the sloths, are less clear (Fig. 3) . The difference in Smc implies fewer fine-scale features in the microwear texture of teeth of B. variegatus. This is consistent with a difference in diet between the 2 sloths, but how this translates to food fracture properties will require more work to figure out. On the other hand, the higher variation in Smc in C. hoffmanni compared with B. variegatus does make sense in light of the broader, more opportunistic diet reported for the former (compare Meritt 1985 with Urbani and Bosque 2007) . Lower Tfv seen in B. variegatus as compared to D. novemcinctus was expected based on previous studies of the enamel texture of lemur teeth (Scott et al. 2009 ). Specifically, folivorous animals typically have low Tfv, or textural fill volume, values compared to animals that eat harder food items (Scott et al. 2009) .
Mean values for epLsar in sloths are on the lower end of the spectrum of mean epLsar values typical of browsing taxa (Ungar et al. 2007; Prideaux et al. 2009 ). According to Ungar et al. (2007) (Table 2) . Anisotropy is typically lower in browsers than grazers (Ungar et al. 2007; Prideaux et al. 2009; Scott 2012) . However, greater anisotropy also is found in folivorous primates in contrast to frugivorous primates, and extant sloths have comparable dietary niches to other Neotropical arboreal monkeys (Scott et al. 2005) . Scott et al. (2005) showed that the folivorous mantled howler monkey (Alouatta palliata) has significantly higher epLsar and lower Asfc than the frugivorous and hard-object-feeding tufted capuchin (Cebus apella). Mean values for Asfc of B. variegatus and C. hoffmanni fall in between mean values exhibited by primates. Also, both sloths show mean epLsar values below those of C. apella. It is possible that the occlusal relief typical of primate cheek teeth constrains tooth-tooth movements more than seen in sloths, which lack such defined crown topography-and the fact that occlusal relief of sloth teeth does vary substantively over the lifetime of the tooth with gross wear (Hirschfield 1985) . This also underscores the importance of limiting direct comparisons of microwear on crowns comprised exclusively of dentin with those that include enamel. In any case, differences in occlusal morphology and chewing biomechanics among taxa surely complicate the story.
There is substantial overlap in epLsar and Asfc among the 3 species (Fig. 3) . Nevertheless, significant differences between the armadillo and sloths in texture complexity are completely consistent with their diet differences. And the fact that any differences are found between the sloth species, both principally folivores, suggests that dentin microwear texture might have similar resolving power to enamel microwear, at least for extant species. Primate folivores, for example, frequently do not differ substantively in Asfc of molar enamel August 2013microwear surfaces either (e.g., see Scott et al. 2012) . We need to remember, however, that just as studies of fossil tooth chemistry prefer enamel over dentin because the soft tissue is subject to greater taphonomic alteration, the same may hold true of dental microwear studies. Conclusions and applications.-Collectively, examination of these data suggests that dentin microwear texture is able to differentiate between extant xenarthrans with markedly different diets (i.e., sloths versus armadillos) but perhaps not between those with subtly differing diets (i.e., between sloth species). This supports the overall findings of previous xenarthran microwear studies that applied more traditional, observer-based techniques (Oliveira 2001; Green 2009a; Green and Resar 2012) . Although xenarthran outer dentin is harder than typical mammalian orthodentin, it is still soft enough that xenarthran teeth need to grow continuously throughout their lifetime to maintain a functioning crown (Vizcaíno 2009; MacFadden et al. 2010) . Furthermore, diets of these animals are distinct enough that previous studies of enamel microwear suggest that differences between them should be fairly obvious using DMTA. Although there are few differences between the 2 sloths, when combined there is a difference between Folivora and Cingulata in terms of Asfc, which is consistent with the highly varied diet of the armadillo, including hard-object feeding and consumption of terrestrial grit. These results suggest that there is some useful information being recorded in the outer dentin of xenarthran teeth, but DMTA, as it is applied to enamel, may be limited in its ability to effectively capture and characterize these subtle differences. It also appears that microwear texture of dentin and enamel cannot be compared directly, although further work is needed to evaluate differences between these tissue types.
RESUMEN
La mayoría de los estudios de la textura del micro-desgaste dental a la fecha se han enfocado en superficies del esmalte. Sin embargo, para el micro-desgaste en xenarthrans debemos, en efecto, ''reinventar la rueda,'' porque los dientes de xenarthrans adultos no tienen esmalte. La dentina es más dúctil que el esmalte, y puede registrar la textura del micro-desgaste en los dientes de manera diferente. Por lo tanto, nuestro objetivo es determinar si el análisis de la textura del micro-desgaste (DMTA, el cual cuantifica microdesgaste en 3 dimensiones) de la dentina puede mostrar resultados biológicos significativos, preguntando: ¿Pueden la dentina y el esmalte en otros Euterios registrar texturas de micro-desgaste de la misma manera? y ¿Se puede diferenciar entre xenarthrans extantes con dietas diferentes usando DMTA? Analizamos panteras de Florida (Puma concolor coryi, n ¼ 14) cuyos carnasiales contienen dentina y esmalte funcionales y encontramos que hay existen diferencias en el volumen de llenado de textura y en la heterogeneidad, lo cual sugiere que la textura del microdesgaste tanto en el esmalte como en la dentina no puede ser comparada directamente. Después, analizamos los dientes de perezosos (Bradypus variegatus, n ¼ 12; Choloepus hoffmanni, n ¼ 9) y del armadillo de nueve bandas (Dasypus novemcinctus, n ¼ 12), los cuales difieren en dos atributos (complejidad de superficie y volumen de llenado) asociados con propiedades de alimento y abrasivas. Otros atributos de DMTA no muestran diferencias entre los grupos tróficos, lo que sugiere que la dentina y el esmalte posiblemente difieren en los tipos de atributos de textura que separan taxones por la dieta.
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APPENDIX I
All museum specimens which were analyzed in this study, including their individual dental microwear attributes, are here noted. Specimens with an asterisk (*) indicate that the actual teeth, in contrast to tooth replicas, were borrowed from respective collections and scanned. Museum and other abbreviations are as follows: American Museum of Natural History (AMNH), Museum of Comparative Zoology (MCZ), Florida Museum of Natural History (UF), University of Arkansas Biological Research Center (UABRC), complexity (Asfc), anisotropy (epLsar), scale of maximal complexity (Smc), textural fill volume (Tfv), heterogeneity based on a 3 3 3 grid (HAsfc (333) ) and heterogeneity based on a 9 3 9 grid (HAsfc (939) 
